Introduction
The band gap of Cadmium Telluride (CdTe), at approximately 1.45 eV is optimal for terrestrial solar radiation [1] . The absorption co-efficient at these wavelengths is high enough that a CdTe layer with a 1 µm thickness can absorb over 90% of incident photons [2] . Layer thicknesses of maximum 3 µm are therefore easily sufficient for terrestrial panels. A critical component in CdTe efficiency is grain size, along with the presence of voids and stacking faults [3] . Factors that affect this include the structure and deposition technique for the preceding Cadmium Sulphide (CdS) layer [4] and the deposition temperature [5] .
CdTe photovoltaics currently require an activation treatment, by thermal annealing in the presence of Chlorine; generally applied in the form of Cadmium Chloride (CdCl 2 ), or with more recent experiments in the form of Magnesium Chloride (MgCl 2 ) [6] . This requires temperatures of around 400 -450°C. The use of CdCl 2 promotes recrystallisation and efficiency improvements. MgCl 2 has been investigated as a means of avoiding the severe health and safety issues associated with CdCl2.
Numerous experiments have been completed for the CdTe annealing process, with various results [7] [8] [9] [10] . This oven treatment requires a high temperature to be maintained for a set time, making it slow and vulnerable to fluctuations in energy supplies. This also requires the heating of the entire panel in order to process a thin surface layer of photosensitive material. It is possible that the use of a laser-based alternative heat source could produce improvements over conventional annealing.
Lasers in CdTe annealing
Lasers can provide certain advantages, such as localised heat treatment, selective annealing, short process duration times and precision control of the heating time [11] .
Previous work has been completed in this area. Kim et al. [12] used an 808 nm diode laser to anneal CdTe thin films. 808 nm is the optimal wavelength, since the photon energy of the laser light needs to be high enough for the beam to absorbed by the CdTe (wavelength below 850 nm), but not so high that the beam is absorbed without penetrating into the substrate. Use of this method by Kim et al. gave recrystallisation and grain growth with heating times in the region of 15 seconds.
In the laser process thus far described, limitations have been identified. Lasers are known to generate a high thermal gradient due to the tight control of the heat flux; this property is what makes them so useful in metallic laser welding [13] . For processing of photovoltaic panels with glass substrates this property is not beneficial, since the brittleness of glass causes it to shatter when exposed to these gradients. In the previously mentioned literature, this is avoided by rapid-scanning of the beam over a large area in order to more gently heat the substrate using multiple passes; achieved via use of a galvanometer head. This avoids the issues with thermal gradient, but is limited in scalability due to fact that the area that can be covered is limited by the size of the galvanometer.
Holographic Optical Elements in laser materials processing
In this study, investigations of the use of customised laser beams are presented as a way of controlling heat flow. Standard laser beams suffer from disadvantages regarding their thermal profiles, which contribute to the previously mentioned thermal gradient issues due to the fact that the irradiance profile of the laser beam directly affects the thermal cycle of the processed material [13] . Standard laser beams are described as TEM 00 beams, with a circular spot and Gaussian thermal profile, as shown in Figure 1 . These Gaussian beam shapes create a concentration of temperature in the centre of the beam, causing uneven heating in the material. This creates the large thermal gradients which cause cracking, as well as unevenly processing the surface of the panel.
To mitigate this, customised beams can be created by use of a novel type of optic called a Holographic Optical Element (HOE). This uses a computer-generated kinoform to reshape a laser beam into any desired thermal profile. A schematic of how this works is shown in Figure 1 . The typical method of laser experimentation, where the process has to be adapted to account for a non-optimised beam, therefore no longer applies. HOE's have been investigated in a number of laser processing applications, such as laser welding [14] and wire-based laser deposition [15] .
In this work, holographic laser annealing is investigated in both simulation and experimental conditions. Simulations are used to demonstrate the alterations of heat flow caused when the beam thermal distribution is optimised. Initial experimental results created using a Gaussian beam are then presented, which demonstrate the capabilities of laser annealing for CdTe processing.
Simulation setup
The COMSOL Multiphysics simulation software was used for heat transfer simulations. Three different beam types of diameter 5 mm were simulated. These are shown in Figure 2 . The Gaussian beam in Figure 2a is the standard TEM 00 beam used in most laser applications. In Figure 2b , a "pedestal" beam is applied that corrects the two major flaws of the Gaussian beam; it has a square footprint and a uniform thermal profile. These flaws were described in detail by Goffin et al. [15] . Figure 2c shows a further refinement of the pedestal beam, called a "rugby posts" beam. This places additional heat at the edges of the laser A cubic swept mesh was used, with the element size set as a function of beam width, giving 14 elements across the beam width and approximately 134,000 elements in total. Laser beam widths were set at 5 mm with a 2 mm/s traverse rate. Correlation of CdTe n and k values with wavelength show very little change between wavelengths of 650 -850 nm [16] . The mean values of n and k are 2.878 and 0.091 respectively. Using Fresnel relationships and assuming a 0° angle of incidence, CdTe absorptivity at 808 nm wavelength was calculated to be approximately 76%. This value was used in simulation.
Experimental setup
Laser experiments were conducted using an 808 nm diode laser, rated at a maximum output of 35 W, with a 1.5 mm long 100 µm core fibre optic output. This was connected to a collimator which produced a near-perfect Gaussian beam output. Figure 4a shows the laser mounting and cooling system, and Figure 4b shows the optical setup. The collimator was set to give a 1/e 2 diameter of 5 mm, equal to the simulated Gaussian beam diameter. Process monitoring was achieved via use of a FLIR Thermovision A40 high-temperature thermal camera. The recorded temperature data was then analysed and process temperature profiles plotted.
Two sets of Gaussian experiments were completed, at power levels of 11 W and 5 W, with scanning velocities of 4 and 11 mm/s respectively:
• The 11 W, 4mm/s combination was required in order to maintain a sufficient surface temperature while avoiding the tendency for thermal stresses created by the Gaussian temperature gradient to shatter then samples.
• The 5 W, 11 mm/s combination was used for simulation validations, in order to limit heating to the centre of the beam and increase the "contrast" between the centre and outer edges to get a clear reading of the temperature profile from the thermal camera. The simulation parameters were also modified accordingly. The laser optics themselves were mounted on a manual Z-axis for beam focussing. MgCl 2 treatment was carried out using an aqueous 1 M solution. The treatment was applied by dipping the samples in this solution before placing them in an insulated jig located on an x-y CNC stage for processing. The samples had a 2 µm thick CdTe layer, as in the simulations.
Simulation results
Beam shaping involved the alteration of a Gaussian beam profile into a pedestal beam and then into a rugby posts beam. Results were taken at the centre of the sample, in the middle of the process. 3D isothermal contours are shown in Figure 5 . Simulations carried out here used a laser power of 10 W and a traverse speed of 2 mm/s. These isotherms show that the primary improvement comes when a pedestal beam replaces the Gaussian beam. The beam footprint is now rectangular, which reduces the taper in the temperature profile after the beam has passed over. Although the maximum temperature is reduced from 554°C in the Gaussian to 500°C in the pedestal, this temperature is maintained over a much greater proportion of the width in the pedestal simulation, which leads to higher quality annealing. The rugby posts beam is an optimisation of the pedestal beam. Another slight reduction in maximum temperature is present, to 457°C, but this beam profiles reduces the majority of the remaining curvature 
that was present in the pedestal beam and makes the thermal profile even more uniform. Two-dimensional cross-sections were also created for the three beam profiles, in order to better present the relative uniformity of the different temperature profiles through the thickness of the panel. These are shown in Figure 6 . They also show that to maintain the surface layer at the correct temperature, the power input is high enough to cause a level of temperature penetration into the substrate. The variations in surface temperatures between the different beam types suggest that this penetration is unavoidable, since reducing the energy density merely reduces the surface temperature; this cannot be allowed to occur if the annealing process is to be effective. Results in Figure 6 show that when a pedestal beam is applied, the uniformity of the beam increases the effective width of the annealing zone, because greater levels of heat are applied to the edges. Whereas in the Gaussian beam the edges are heated by heat conduction from the centre, the pedestal beam applies this heat directly. The pedestal temperature profile is still curved and therefore non-uniform however. This is compensated for by the rugby posts beam, which more heat at the edges than the centre. This compensates for the greater levels of heat loss at the edges, as well as slightly increasing the width of the heat affected zone.
For each beam type, a single isothermal contour was plotted at 200°C. These were then combined on the same axis, as shown in Figure 7 . 
that appear when a simple pedestal beam is used. The pedestal temperature profile is widened by approximately 500 µm on either side. Although the pedestal temperature profile is still curved, the degree of curvature is greatly reduced and the temperature profile is much more uniform in depth. This tendency can be further optimised by the use of a rugby posts beam, where the width and profile at the edges are similar to the pedestal beam, but curvature at the centre is effectively eliminated.
Experimental results
Experimental results and synergy with simulations are presented here.
The effectiveness of the laser process
TEM analysis of pre-treatment samples confirmed high instances of stacking faults and other defects in the microstructure. These were present in all grains and are shown in Figure 8 . Annealing with a laser power of 11 W at a traverse rate of 4 mm/s showed that some defects were still present. Microstructural analysis of the post-treatment samples did reveal however, that there was evidence of the onset of recrystallisation of the CdTe layer near the top surface of the sample. There was also a visible reduction in the number of stacking faults; so the laser process was effective, albeit not totally, in the removal of these. This is shown in Figure 9 . 100 nm 0.5 µm A more detailed materials analysis of these results is presented by Lisco et al. [17] .
Validation of simulations
Thermal camera results were used to compare the physical temperature profile. Physical experiments had shown that temperature build-up had a tendency to flatten the reading from the camera. Temperatures were plotted along lines located on the top surface of the sample traverse and longitudinally to the direction of beam traverse for both simulated and experimental results. The resulting plots are compared in Figure 10 . The experimental results are broadly similar in temperature profile to the simulated results. The shapes of the temperature profiles broadly follow the profiles of the laser beams. The difference between the two in this respect can be accounted to the fact that the laser beam is not a perfect Gaussian profile, so does not resemble the simulated beam exactly. Although the temperatures in the experimental results vs. the simulated results are different, they are in a very similar range to each other. This suggests that the differences lie in the details of the two processes experimental process; for example, minor variations in experimental sample size or inaccuracy in the simulated material properties.
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Concluding remarks
In this work investigations have been presented in the use of altered laser beam thermal profiles for annealing of CdTe.
Simulation results have shown that optimisation of laser beam profiles gives superior heating of the substrate. When a pedestal beam is used, it provides a considerable increase in the uniformity of the thermal profile. This gives several benefits. Firstly the thermal cycle undergone by the CdTe is much more consistent across the width of the laser track. This means that the post-annealing properties of the CdTe layer will be much more uniform with a pedestal beam than a Gaussian beam. Secondly, although the beam widths are equal, the effective width of the pedestal beam is considerably greater than the Gaussian beam. This is obvious in Figure 7 , where the pedestal temperature profile is considerably wider than the Gaussian. In practice, this would allow faster processing with the pedestal beam since, with all other things being equal, it can anneal a greater area of panel at a time.
Further simulation development has shown that the CdTe temperature profile can be further optimised by use of a rugby posts beam profile. This places additional heat at the edges of the beam and counteracts the remaining curvature that is still present in the pedestal beam. This does not make the heat affected zone wider, but provides further improvements in temperature uniformity; showing its potential to optimise laser processing.
Laser annealing experiments were successful in annealing the CdTe layer. Analysis comparing pre-annealed CdTe vs. post-annealed CdTe showed that the laser process effectively removed stacking faults from the grains. Recrystallisation of the CdTe was also found in the region close to the top surface of the semiconductor layer. Although further development is necessary, results obtained so far show that laser annealing is a viable process.
Initial comparisons between simulated predictions and experimental results showed broad similarity between the two. The temperature distributions followed the same profile, which corresponded to the shape of the beam. In the case of the experimental plot, the beam is not perfectly Gaussian and this is reflected in the shape of the temperature plot. Temperatures were slightly higher in the experimental result, which suggests that the simulation is broadly accurate, with discrepancies due to minor inaccuracies such as differences in material reflectivity or sample size between the experimental and simulated tests. These results show that, while improvements are necessary, the simulation design is robust and reflective of the physical reality.
HOE development for 808 nm laser processing is currently underway and once complete these optics will be used to assess whether the predicted improvements in complex beam simulations can be replicated in experimental practice.
